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METHOD FOR FORMING CHANNEL 
PATTERNS WITH CHROMONIC MATERIALS 

FIELD 

The present disclosure relates to methods for forming 
channel patterns and for disposing material Within the chan 
nel patterns to form nanostructured patterns, and to an article 
having channel patterns. 

BACKGROUND 

Patterned layers of functional materials can be used in 
electric component manufacture as well as other applications. 
For example, multiple layers of differing layers of patterned 
materials may be used in the manufacture of ?at panel dis 
plays, such as liquid crystal displays. Active matrix liquid 
crystal displays include a plurality of rows and columns of 
address lines that cross at an angle to one another, and form a 
plurality of crossover points. Techniques for applying pat 
terned layers continue to evolve as the need increases for 
smaller structures in electric components. 

Lithographic techniques can be used to generate small 
structures; however, as the size domain moves into the nanos 
cale range, signi?cant technical challenges arise that can limit 
the use of lithographic techniques for nanostructures. 

Self-assembly is another method that can be used to con 
struct nanostructures. Molecular self-assembly is referred to 
as the assembly of molecules Without guidance or manage 
ment from an outside source. Many biological systems use 
self-assembly to assemble various molecules and structures 
such as the lipid bilayer membrane in cells. 

SUMMARY 

The present disclosure describes methods for forming 
channel patterns from chromonic layers. A method for form 
ing a channel pattern Within a dried chromonic layer is 
described. Deposition material may be disposed Within the 
channel pattern to form a nanostructured pattern. An article is 
disclosed that has channel patterns comprising a ?rst set of 
channels and a second set of channels that intersect the ?rst 
set of channels. 

In a ?rst aspect, a method is provided for forming a channel 
pattern Within a dried chromic layer containing chromonic 
material and surface modi?ed inorganic nanoparticles. The 
method includes applying a coating composition onto a sub 
strate surface in a coating direction to form a chromonic layer. 
The coating composition comprises a chromonic material, 
surface modi?ed inorganic nanoparticles, and water. A por 
tion of the water of the chromonic layer is removed to form a 
dried chromonic layer. The method further includes exposing 
the dried chromonic layer to a hydrophilic organic solvent to 
form a channel pattern Within the dried chromonic layer. The 
channel pattern comprises a ?rst set of channels extending in 
the coating direction, and a second set of channels that are 
substantially perpendicular to the ?rst set of channels. The 
?rst set of channels and the second set of channels have an 
average channel depth equal to an average thickness of the 
dried chromonic layer. 

In a second aspect, a method of forming a nanostructured 
pattern is provided. The method includes applying a coating 
composition onto a substrate surface in a coating direction to 
form a chromonic layer. The coating composition comprises 
a chromonic material, surface modi?ed inorganic nanopar 
ticles, and water. A portion of the water of the chromonic 
layer is removed to form a dried chromonic layer. The dried 
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2 
chromonic layer is exposed to an hydrophilic organic solvent 
to form a channel pattern Within the dried chromonic layer. 
The channel pattern comprises a ?rst set of channels extend 
ing in the coating direction, and a second set of channels that 
are substantially perpendicular to the ?rst set of channels. The 
?rst set of channels and the second set of channels each have 
an average channel depth equal to an average thickness of the 
dried chromonic layer. The method further includes disposing 
a deposition material on a surface of the dried chromonic 
layer, and Within both the ?rst set of channels and the second 
set of channels. The deposition material Within the ?rst set of 
channels and the second set of channels contacts the substrate 
surface. The dried chromonic layer and the deposition mate 
rial disposed on the surface of the dried chromonic layer are 
both removed. The deposition material disposed Within the 
?rst set of channels and the second set of channels adheres to 
the substrate surface, and is not removed. The remaining 
deposition material of the ?rst set of channels and the second 
set of channels forms a nanostructured pattern. 

In a third aspect, an article having a channel pattern is 
provided. A dried chromonic layer is disposed on a substrate 
surface. The dried chromonic layer comprises a chromonic 
material and surface modi?ed inorganic nanoparticles. The 
dried chromonic layer has a channel pattern comprising a ?rst 
set of channels, and a second set of channels that are substan 
tially perpendicular to the ?rst set of channels. The ?rst set of 
channels and the second set of channels have an average 
channel depth equal to an average thickness of the dried 
chromonic layer. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is an optical micrograph (500x magni?cation) of a 
dried chromonic layer having a channel pattern of Example 1 . 

FIG. 2 is an optical micrograph (500x magni?cation) of a 
nanostructured pattern of Example 1. 

FIG. 3 is an optical micrograph (500x magni?cation) of a 
dried chromonic layer having a channel pattern of Example 2. 

FIG. 4 is an optical micrograph (500x magni?cation) of a 
nanostructured pattern of Example 2. 

DETAILED DESCRIPTION 

For the following de?ned terms, these de?nitions shall be 
applied, unless a different de?nition is given in the claims or 
elseWhere in the speci?cation. 
The term “chromonic material” or “chromonic compound” 

refers to a multi-ring molecule typically characterized by the 
presence of a hydrophobic core surrounded by various hydro 
philic groups as described, for example, in Attwood, T. K., 
and Lydon, T. E.; Molec. Crystals. Liq. Crystals, 108, 349 
(1984). The hydrophobic core can contain aromatic rings, 
non-aromatic rings, or combinations thereof. When in solu 
tion, the chromonic materials tend to aggregate into a nematic 
ordering characterized by a long-range order. 
The term “nanostructure” refers to a structure having a 

height and a Width that is generally less than 1 micron. 
The term “nanoparticle” Will generally refer to particles, 

groups of particles, particulate molecules (i.e., small indi 
vidual groups of loosely associated groups of molecules) and 
groups of particulate molecules that While potentially varied 
in speci?c geometric shape have an effective, or average, 
diameter that can be measured on a nanoscale. 

The term “surface modi?ed inorganic nanoparticle” refers 
to an inorganic particle that includes surface groups attached 
to the surface of the particle. 
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The term “substantially perpendicular” refers to an 
orthogonal or nearly orthogonal line no greater than 20 
degrees, no greater than 15 degrees, no greater than 10 
degrees, no greater than 5 degrees, no greater than 4 degrees, 
no greater than 2 degrees, or no greater than 1 degree from a 
perpendicular direction of 90 degrees. For example, a “sub 
stantially perpendicular” line may be in the range of 80 to 100 
degrees, 82 to 98 degrees, 85 to 95 degrees, 88 to 92 degrees, 
or 89 to 91 degrees relative to a reference line. 

The recitation of numerical ranges by endpoints includes 
all numbers subsumed within that range (e. g., 1 to 5 includes 
1, 1.5, 2, 2.75, 3, 3.8, 4, and 5). 
As included in this speci?cation and the appended claims, 

the singular forms “a”, “an”, and “the” include plural refer 
ents unless the content clearly dictates otherwise. Thus, for 
example, reference to a composition containing “a com 
pound” includes a mixture of two or more compounds. As 
used in this speci?cation and appended claims, the term “or” 
is generally employed in its sense including “and/or” unless 
the content clearly dictates otherwise. 

Unless otherwise indicated, all numbers expressing quan 
tities or ingredients, measurement of properties and so forth 
used in the speci?cation and claims are to be understood as 
being modi?ed in all instances by the term “about.” Accord 
ingly, unless indicated to the contrary, the numerical param 
eters set forth in the foregoing speci?cation and attached 
claims are approximations that can vary depending upon the 
desired properties sought to be obtained by those skilled in the 
art utilizing the teachings of the present disclosure. At the 
very least, each numerical parameter should at least be con 
strued in light of the number of reported signi?cant digits and 
by applying ordinary rounding techniques. Notwithstanding 
that the numerical ranges and parameters setting forth the 
broad scope of the disclosure are approximations, the numeri 
cal values set forth in the speci?c examples are reported as 
precisely as possible. Any numerical value, however, inher 
ently contains errors necessarily resulting from the standard 
deviations found in their respective testing measurements. 

The present disclosure describes a method for forming a 
channel pattern within a dried chromonic layer. The method 
comprises applying a coating composition comprising a 
chromonic material, surface modi?ed inorganic nanopar 
ticles, and water to form a chromonic layer on a substrate 
surface. The coating composition is applied onto a substrate 
surface in a coating direction. The chromonic layer can be at 
least partially dried resulting in a dried chromonic layer hav 
ing chromonic material and surface modi?ed inorganic nano 
particles. The dried chromonic layer may be exposed to a 
hydrophilic organic solvent to form a channel pattern. The 
channel pattern comprises a ?rst set of channels in the coating 
direction and a second set of channels that are substantially 
perpendicular to the ?rst set of channels. The channels (i.e., 
recessed regions) have recessed surfaces or sidewalls extend 
ing substantially perpendicular to the substrate surface, and 
the substrate surface as the bottom of the channel. The 
recessed surfaces or sidewalls comprise chromonic material 
and surface modi?ed inorganic nanoparticles. The ?rst set of 
channels and the second set of channels have an average 
channel depth equal to an average thickness of the dried 
chromonic layer. 

Chromonic materials or molecules are capable of forming 
a chromonic phase or assembly when dissolved in an aqueous 
solution, which may or may not be alkaline. The molecules 
have a hydrophobic core surrounded by hydrophilic groups. 
Chromonic phases or assemblies often contain stacks of ?at, 
multi-ring aromatic molecules. Molecular stacking takes on a 
number of morphologies, but is typically characterized by a 
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4 
tendency to form columns created by a stack of molecular 
layers. Ordered stacks of molecules are formed that grow 
with increasing concentration, but they are distinct from 
micellar phases, in that they generally do not have surfactant 
like properties and do not exhibit a critical micellar concen 
tration. In some embodiments, the chromonic phases will 
exhibit isodesmic behavior. That is, addition of molecules to 
an ordered stack leads to a monotonic decrease in free energy. 
The chromonic M phase (i.e., hexagonal phase) is generally 
characterized by ordered stacks of molecules arranged in a 
hexagonal lattice. The chromonic N phase (i.e., nematic 
phase) is characterized by a nematic array of columns. There 
is long range ordering along the columns characteristic of a 
nematic phase, but little or no ordering amongst the columns, 
thus being less ordered than the M phase. The chromonic N 
phase generally exhibits a schlieren texture, which is charac 
terized by regions of varying index of refraction in a trans 
parent medium. 
Some compounds that form chromonic phases include, for 

example, dyes (e.g., azo dyes and cyanine dyes) and 
perylenes (e.g., Kawasaki et al., Langmuir, 16, 5409 (2000), 
or Lydon, 1., Colloid and Interface Science, 8, 480 (2004)). 
Representative examples of useful chromonic materials 
include di-palladium and mono-palladium organyls, sulfa 
moyl-substituted copper phthalocyanines, and hexaaryltry 
phenylene. 

Another chromonic molecule can be a non-polymeric mol 
ecule comprising more than one carboxyl functional group 
that can associate with mono-valent or multi-valent cations. 
The carboxyl groups may be directly attached to an aromatic 
(e.g., carboxyphenyl) or heteroaromatic functional group. 
When the chromonic molecule has more than one aromatic or 
heteroaromatic functional group, the carboxyl groups may be 
arranged such that each aromatic or heteroaromatic group 
generally has no more than one carboxyl group directly 
attached. 

In other embodiments, the chromonic molecule may con 
tain at least one formal positive charge. For example, the 
chromonic molecule may be zwitterionic, with at least one 
formal positive, and at least one formal negative charge. In 
some chromonic molecules, the negative charge can be car 
ried by an acidic group having a dissociated hydrogen atom 
such as a carboxyl group in its basic form, (i.e., 4COO_). 
The negative charge can be carried by multiple carboxyl 
functional groups present, such that a proper representation of 
the chromonic molecule has two or more resonance struc 

tures, or structural isomers. 
In further embodiments, chromonic molecules may 

include triazine derivatives with the structure shown in For 
mula I. 

R2 R3 R2 

HOOC R2 )\ R2 coon 
N / IN 

x /L 
R2 N N N R2 

H H 

R2 R2 

The compounds of Formula I have an orientation such that the 
carboxyl (iCOOH) group may be para with respect to the 
amino linkage to the triazine center of the compound. 
Although the chromonic molecule is neutral as depicted in 
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Formula I, it may exist in alternative forms, such as a ZWitte 
rion or as a proton tautomer. For example, a hydrogen atom 
can be dissociated from one of the carboxyl groups, and can 
be associated With one of the nitrogen atoms in the triaZine 
ring or With one of the amino linkages. Further, the chromonic 
molecule may also be a salt. The carboxyl group may also be 
meta With respect to the amino linkage, as shown in Formula 
II, or it may be a combination of para and meta orientations. 

II 

R2 R3 R2 

R2 R2 )\ R2 R2 
N / IN 

k )\ 
HOOC N N N C OOH 

H H 

R2 R2 

Each R2 of Formulas I and II may be independently 
selected from any electron donating group, electron With 
draWing group, electron neutral group, or combinations 
thereof. In some embodiments, R2 may be hydrogen, a sub 
stituted or unsubstituted alkyl group, a substituted or unsub 
stituted alkoxy group (i.e., an alkoxy group having a formula 
iOR Where R is an alkyl), a substituted or unsubstituted 
carboxyalkyl group (i.e., a carboxyalkyl group having a for 
mula i(CO)OR Where (CO) denotes a carbonyl and R is an 
alkyl), or combinations thereof. Suitable substituents include 
hydroxyl, alkoxy, carboxyalkyl, sulfonate, halide functional 
groups, or combinations thereof. In one embodiment, R2 may 
be hydrogen. 

Group R3 of Formulas I and II may be selected from a 
substituted heteroaromatic ring, unsubstituted heteroaro 
matic ring, a substituted heterocyclic ring, or an unsubstituted 
heterocyclic ring that is linked to the triaZine group through a 
nitrogen atom Within the ring of R3. As used herein, the term 
heterocyclic refers to as an hydrophilic organic compound 
having a ring structure that includes a heteroatom such as 
oxygen, nitrogen, sulfur, Wherein the ring structure can be 
saturated or partially saturated. As used herein, the term “het 
eroaromatic refers to an organic compound having a ring 
structure that includes a heteroatom such as oxygen, nitrogen, 
or sulfur, Wherein the ring structure is unsaturated. 

R3 can be, but is not limited to, a heteroaromatic ring 
derived from pyridine, pyridaZine, pyrimidine, pyraZine, imi 
dazole, oxazole, isoxazole, thiazole, oxadiazole, thiadiazole, 
pyrazole, triazole, triaZine, quinoline, or isoquinoline. In 
many embodiments, R3 includes a heteroaromatic ring 
derived from pyridine or imidazole. A substituent for the 
heteroaromatic ring R3 may be selected from, but is not lim 
ited to, any of the folloWing substituted and unsubstituted 
groups: alkyl, carboxyl, amino, alkoxy, thio, cyano, carbony 
laminoalkyl (i.e., a group having a formula i(CO)NHR 
Where (CO) denotes a carbonyl and R is an alkyl), sulfonate, 
hydroxy, halide, per?uoroalkyl, aryl, alkoxy, or carboxyalkyl. 
In some embodiments, a substituent for R3 may be selected 
from alkyl, sulfonate, carboxyl, halide, per?uoroalkyl, aryl, 
alkoxy, or alkyl substituted With hydroxyl, sulfonate, car 
boxyl, halide, per?uoroalkyl, aryl, or alkoxy. 

In some embodiments, R3 may be derived from a substi 
tuted pyridine With the sub stituent being preferably located at 
the 4-position. In other embodiments, R3 may be derived from 
a substituted imidazole With the substituent being preferably 
located at the 3-position. Suitable examples of R3 may 
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6 
include, but are not limited to: 4-(dimethylamino)pyri 
dinium-l -yl, 3 -methylimidazolium- l -yl, 4-(pyrrolidin- l -yl) 
pyridinium-l -yl, 4-isopropylpyridinium-l -yl, 4-[(2-hy 
droxyethyl)methylamino]pyridinium- l -yl, 4 - (3 - 

hydroxypropyl)pyridinium- l -yl, 4-methylpyridinium- l -yl, 
quinolinium-l -yl, 4-tert-butylpyridinium-l -yl, and 4-(2-sul 
foethyl)pyridinium- l -yl, as illustrated in Formulas IV to XIII 
below. Examples of heterocyclic rings that R3 may be 
selected from include, for example, morpholine, pyrrolidine, 
piperidine, or piperaZine. 

IV 

\ 

VI 

VII 

VIII 

OH 
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-continued 
X 

/ | 
\ 

N+ 

| 
XI 

\ 

| / 
N+ 

| 
XII 

/ | 
\ 

N+ 

| 
XIII 

/ s03 

\ | 
N+ 

| 

Some exemplary R3 groups are of Formula XIV, 

XIV 

where R4 of Formula XIV may be hydrogen, a substituted 
alkyl group, or an unsubstituted alkyl group. In some embodi 

ments, R4 may be hydrogen, an unsubstituted alkyl group, or 
an alkyl group substituted with a hydroxy, an alkoxy, a car 

boxyalkyl, a sulfonate, or a halide functional group. In other 

embodiments, R4 may be methyl, propylsulfonic acid, or 
oleyl (i.e., fatty alcohol). Formula V may be a subset of 
Formula XIV where R4 is methyl. As depicted above, the 
chromonic molecules of Formula I or II are neutral; however, 
chromonic molecules described herein may exist in an ionic 
form having one formal positive charge. One example of a 
chromonic molecule is 4-dimethylamino-l-[4,6-di(4-car 
boxyphenylamino)- l ,3, 5 -triaZin-2 -yl]pyridinium chloride 
(Formula III) as described in US. Pat. No. 6,488,866. In the 
chromonic compound shown in Formula III, R3 is a dimethy 
lamino substituted pyridine ring linked to the triaZine group 
through the nitrogen atom of the pyridine ring. As shown, the 
pyridine nitrogen carries a positive charge, and a chloride ion 
carries a negative charge. 
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III 

HO N N OH 

\ 

/N / 

The chromonic molecule shown in Formula III may also exist 
in other tautomeric forms, such as where one orboth carboxyl 
functional groups carry a negative charge and where positive 
charges are carried by one of the nitrogen atoms in the triaZine 
group and the nitrogen on the pyridine group. In another 
embodiment, the chromonic molecule may be zwitterionic, 
such as 4-({4-[(4-carboxylphenyl)amine]-6-[4-(dimethy 
lamino)pyridinium- l -yl] -l ,3 ,5 -triaZin-2 -yl }amino)benzoate 
as described in US. Pat. No. 5,948,487 (Sahouani et al.). 
US. Pat. No. 5,948,487 (Sahouani et al.) describes triaZine 

derivatives of Formula I prepared as aqueous solutions or as 
salts, which can later be re-dissolved to form an aqueous 
solution. A typical synthetic route for the triaZine molecules 
shown in Formula I above involves a two-step process. Cya 
nuric chloride may be treated with 4-aminobenzoic acid to 
give 4-{[4-(4-carboxyamino)-6-chloro-l,3,5-triaZin-2-yl] 
amino}benzoic acid. This intermediate may be treated with a 
substituted or unsubstituted nitrogen-containing heterocycle. 
The nitrogen atom of the heterocycle may displace the chlo 
rine atom on the triaZine to form a corresponding chloride 
salt. The zwitterionic derivative of Formula III may be pre 
pared by dissolving the chloride salt in ammonium hydrox 
ide, passing it through an anion exchange column to replace 
the chloride with hydroxide, and removing the solvent. Alter 
native structures, as in Formula II, may be obtained by using 
3-aminobenzoic acid instead of 4-aminobenzoic acid. 

Surface modi?ed inorganic nanoparticles are physically or 
chemically modi?ed to provide properties that are different 
from unmodi?ed inorganic nanoparticles. Many suitable 
classes of surface-modifying agents for modifying an inor 
ganic nanoparticle surface are known to those skilled in the 
art, and include silanes, organic acids, organic bases, alco 
hols, or combinations thereof. The surface groups may be 
present on the surface of the nanoparticles in an amount 
suf?cient to form inorganic nanoparticles that may be sus 
pended in an aqueous solution with minimal aggregation or 
agglomeration. 

Suitable inorganic nanoparticles may include, for example, 
calcium phosphate, calcium hydroxyapatite, and metal oxide 
nanoparticles such as silica, Zirconia, titania, ceria, alumina, 
iron oxide, vanadia, Zinc oxide, antimony oxide, tin oxide, 
nickel oxide, and combinations thereof. The inorganic nano 
particles can be composite materials such as, for example, 
alumina/ silica, iron oxide/titania, titania/Zinc oxide, Zirconia/ 
silica, and combinations thereof. In one embodiment, the 
nanoparticles are one of at least silica, Zirconia, or titania. 

Surface modi?ed inorganic nanoparticles or precursors to 
them may be in the form of a colloidal dispersion. Some of 
these dispersions are commercially available as unmodi?ed 
silica starting materials, for example, such as nano-sized col 
loidal silicas available under the product designations 
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“NALCO 1040,” “NALCO 1050,” “NALCO 1060,” 
“NALCO 2326,” “NALCO 2327,” and “NALCO 2329” from 
Nalco Chemical Company; Naperville, Ill. One example of a 
metal oxide colloidal dispersion includes colloidal zirconium 
oxide, as described, for example, in Us. Pat. No. 5,037,579 
(Matchett). Colloidal titanium oxide, as described, in Us. 
Pat. Nos. 6,329,058 and 6,432,526 (Amey et al.) represents 
another example of a metal oxide colloidal dispersion. 

Selected inorganic nanoparticles may be used alone or in 
combination with one or more other nanoparticles to provide 
mixtures and combinations of nanoparticles. The selected 
inorganic nanoparticles in whatever form employed, will gen 
erally have an average particle diameter of 500 nanometers or 
less. In some embodiments, the inorganic nanoparticles may 
be utilized having an average particle diameter of at least 2, at 
least 5, at least 10, at least 25, at least 50, or at least 100 
nanometers. In further embodiments, the inorganic nanopar 
ticles may have an average particle diameter up to 500, up to 
400, up to 250, or up to 150 nanometers. The inorganic 
nanoparticles may have an average particle diameter in a 
range of 2 to 500 nanometers, in the range of 5 to 400 nanom 
eters, in the range of 5 to 250 nanometers, or in the range of 10 
to 150 nanometers. If the chosen nanoparticles or combina 
tions of nanoparticles are themselves aggregated, the maxi 
mum preferred cross-sectional dimension of the aggregated 
nanoparticles will be within any of the stated ranges. 

In some cases, it may be desirable for the inorganic nano 
particles utilized to be substantially spherical in shape. In 
other applications, however, more elongated shapes may be 
desired. Aspect ratios of at least 1, at least 2, at least 3, or at 
least 5 may be utilized. In some embodiments, aspect ratios 
up to 10, up to 9, up to 8, or up to 7 may be utilized. In other 
embodiments, the aspect ratio of the inorganic nanoparticles 
may be in a range of1 to 10, 2 to 9, 3 to 8, or 3 to 7. As used 
herein, the term “aspect ratio” refers to the longest length of 
the particle divided by the distance perpendicular to the long 
est length. 

Inorganic nanoparticles may be selected such that the 
nanoparticles are essentially free from a degree of particle 
association, agglomeration, or aggregation that may interfere 
with the desired properties when mixed with chomonic mate 
rials and water of a coating composition. As used herein, 
particle “association” is de?ned as a reversible chemical com 
bination due to any of the weaker classes of chemical bonding 
forces. Examples of particle association include hydrogen 
bonding, electrostatic attraction, London forces, van der 
Waals forces, and hydrophobic interactions. As used herein, 
the term “agglomeration” is de?ned as a combination of 
molecules or colloidal particles into clusters. Agglomeration 
may occur due to the neutralization of the electric charges, 
and is typically reversible. As used herein, the term “aggre 
gation” is de?ned as the tendency of large molecules or col 
loidal particles to combine in clusters or clumps and precipi 
tate or separate from the dissolved state. Aggregated 
nanoparticles are ?rmly associated with one another, and 
require high shear to be broken. Agglomerated and associated 
nanoparticles can generally be easily separated. 

The surface of the selected inorganic nanoparticles can be 
chemically or physically modi?ed in some manner. Modi? 
cations to the inorganic nanoparticle surface may include, for 
example, covalent chemical bonding, hydrogen bonding, 
electrostatic attraction, London forces, and hydrophilic or 
hydrophobic interactions so long as the interaction is main 
tained at least during a time period suf?cient for the nanopar 
ticles to achieve their intended utility. The surface of a nano 
particle may be modi?ed with one or more surface modifying 
groups. The surface modifying groups may be derived from a 
myriad of surface modifying agents. Schematically, surface 
modifying agents may be represented by Formula XV. 
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The A group in Formula XV is a group or moiety that is 

capable of attaching to the surface of an inorganic nanopar 
ticle. In situations where the nanoparticle is processed in 
solvent, the B group is a compatibilizing group with whatever 
solvent is used to process the nanoparticles. In some situa 
tions where the nanoparticles are not processed in solvent, the 
B group is a group or moiety that is capable of preventing 
irreversible agglomeration of the nanoparticles. It is possible 
for the A and B components to be the same, where the attach 
ing group may also be capable of providing the desired sur 
face compatibility. The compatibilizing group may be reac 
tive, but is generally non-reactive, with the chromonic 
material. It is understood that the attaching composition may 
be comprised of more than one component or created in more 
than one step, for example, the A composition may be com 
prised of an A' moiety which is reacted with the surface of a 
nanoparticle, followed by an A" moiety which can then be 
reacted with B. The sequence of addition is not important, i.e., 
the A'A"B component reactions can be wholly or partly per 
formed prior to attachment to the nanoparticle. Further 
description of nanoparticles in coatings can be found in Lin 
senbuhler, M. et al., Powder Technology, 158, 3 (2003). 
A variety of methods are available for modifying the sur 

faces of inorganic nanoparticles. A surface modifying agent 
may, for example, be added to nanoparticles (e.g., in the form 
of a powder or a colloidal dispersion) and the surface modi 
fying agent may be allowed to react with the nanoparticles. 
Multiple synthetic sequences to bring the nanoparticle 
together with the surface modifying group are possible. Some 
examples of surface modi?cation processes of nanoparticles 
are described, for example, in Us. Pat. No. 2,801,185 (Iler); 
U.S. Pat. No. 4,522,958 (Das et al.); and Us. Pat. No. 6,586, 
483 (Kolb et al.). 

In some embodiments, surface-modifying agents may 
include silanes. Some examples of silanes may include orga 
nosilanes such as alkylchlorosilanes; alkoxysilanes (e.g., 
methyltrimethoxysilane, methyltriethoxysilane, ethyltri 
methoxysilane, ethyltriethoxysilane, n-propyltrimethoxysi 
lane, n-propyltriethoxysilane, i-propyltrimethoxysilane, 
i-propyltriethoxysilane, butyltrimethoxysilane, butyltri 
ethoxysilane, hexyltrimethoxysilane, octyltrimethoxysilane, 
3-mercaptopropyltrimethoxysilane, n-octyltriethoxysilane, 
isooctyltrimethoxysilane, phenyltriethoxysilane, polytri 
ethoxysilane, trialkoxyarylsilanes, isooctyltrimethoxysi 
lane); N-(3 -triethoxysilylpropyl)methoxyethoxyethoxy ethyl 
carbamate; N-(3 -triethoxysilylpropyl)methoxyethoxy 
ethoxyethyl carbamate; 3-(triethoxysilyl)propylsuccinic 
anhydride, alkylsilanes (e.g., substituted and unsubstituted 
alkyl silanes (e.g., methoxy and hydroxy substituted alkyl 
silanes)), and combinations thereof. 

In other examples, a silane has an ionizable group selected 
from hydroxyl, alkoxy, carboxyl, halogen, iOPO3H2, 
iPO3H2, thiol, amino, or a salt thereof. The ionizable group 
can be either in an acid or in salt form (e. g., counterions can 
include alkali metals, alkyl ammonium, or combinations 
thereof). In some examples, the silane has at least two ioniz 
able groups. In other examples, the silane with an ionizable 
group can be of Formula XVI. 

XVI 
R2 

R4—Y—Si—R3 

Rl 

In Formula XVI, R1 may be hydroxyl, alkoxy, halide, or 
combinations thereof. Similarly, R2 and R3 may indepen 
dently be hydroxyl, alkoxy, halide, or combinations thereof. 
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In some embodiments, R1, R2, and R3 may be the same 
group. In other embodiments, R1, R2, and R3 independently 
may be different groups. In another embodiment, two of R1, 
R2, or R3 may be the same group, and one of R1, R2, or R3 
may be a different group. In one embodiment, when R1, R2, 
and R3 are hydroxyl, the ionizable group may be a salt. 
SubstituentY can be a divalent group, such as an alkylene, an 
arylene, an oxyalkylene, or combinations thereof. Y can be 
attached to both silicon, and to R4. R4 may be an ionizable 
group, where R4 may be 4COOH, iOH, iOR (where R is 
an alkyl group), 4OPO3H2, iPO3H2, iSH, iNH, anhy 
dride, or a salt thereof. Modi?cation of the inorganic nano 
particles with an organosilane having an ionizable group may 
stabilize the inorganic nanoparticles in water. 

In one embodiment, the organosilane of Formula XVI 
comprises R1, R2, and R3, where each are alkoxy having 1 to 
10 carbon atoms. In another embodiment, R1, R2, R3 of 
Formula XVI is a halide, where the halide is chloride. In a 
further embodiment, R1 , R2, and R3 of Formula XVI are each 
hydroxyl. 

In some embodiments, R1, R2, and R3 of Formula XVI are 
hydroxyl, where at least one of the hydroxyl groups is an 
ionizable group. In another embodiment, R1, R2, and R3 of 
Formula XVI are hydroxyl, and R4 is selected from hydroxyl, 
or carboxyl. 

In one embodiment, an organosilane of Formula XVI, 
where each of R1, R2, and R3 are hydroxyl, R4 is carboxyl, 
and Y is ethylene. One of R1, R2, and R3 is an ionizable 
group. In one embodiment, the organosilane is carboxyethyl 
silane triol sodium salt. 

Rather than using silanes, inorganic nanoparticle surfaces 
may be modi?ed with organic acid surface-modifying agents 
which include oxyacids of carbon (e.g., carboxylic acid), 
sulfur and phosphorus, acid derivatized poly(ethylene) gly 
cols (PEGs) and combinations of any of these. Suitable phos 
phorus containing acids include phosphonic acids (e.g., 
octylphosphonic acid, laurylphosphonic acid, decylphospho 
nic acid, dodecylphosphonic acid, and octadecylphosphonic 
acid), monopolyethylene glycol phosphonate and phosphates 
(e. g., lauryl or stearyl phosphate). Suitable sulfur containing 
acids include sulfates and sulfonic acids including dodecyl 
sulfate and lauryl sulfonate. Any such acids may be used in 
either acid or salt forms. 

In some embodiments, surface modifying agents incorpo 
rate a carboxylic acid functionality such as CH3iOi 
(CHZCHZO)2CH2COOH, 2-(2-methoxyethoxy)acetic acid 
having the chemical structure CH3OCH2CHZOCH2COOH, 
mono(polyethylene glycol) succinate in either acid or salt 
form, octanoic acid, dodecanoic acid, steric acid, acrylic and 
oleic acid or their acidic derivatives. In a further embodiment, 
surface modi?ed iron oxide nanoparticles include those 
modi?ed with endogenous fatty acids (e.g., stearic acid) or 
fatty acid derivatives using endogenous compounds (e.g., 
stearoyl lactylate or sarcosine or taurine derivatives). Further, 
surface modi?ed Zirconia nanoparticles include a combina 
tion of oleic acid and acrylic acid adsorbed onto the surface of 
the particle. 

Organic base surface modifying agents for inorganic nano 
particles may include alkylamines (e.g., octylamine, decy 
lamine, dodecylamine, octadecylamine, and monopolyethyl 
ene glycol amines). 

Surface-modifying alcohols and thiols may also be 
employed including aliphatic alcohols (e.g., octadecyl, dode 
cyl, lauryl and furfuryl alcohol), alicyclic alcohols (e.g., 
cyclohexanol), and aromatic alcohols (e.g., phenol and ben 
zyl alcohol), and combinations thereof. 
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An amount of a surface modifying agent can be selected to 

react with the surface of the inorganic nanoparticles. A reac 
tion of the surface modifying agent with the inorganic nano 
particles may be suf?cient to provide a stable suspension of 
surface modi?ed inorganic nanoparticles. The surface modi 
?ed inorganic nanoparticles in a coating composition can be 
effective for providing a channel pattern. The amount (e.g., 
millimoles) of surface modifying agent per gram of dry silica 
nanoparticles can be at least 0.001 millimoles (mmoles), at 
least 0.01 mmoles, at least 0.03 mmoles, at least 0.05 mmoles, 
or at least 0.1 mmoles. The amount of surface modifying 
agent per gram of dry silica nanoparticles may be in an 
amount up to 2.5 mmoles, up to 1.5 mmoles, up to 1 moles, 
or up to 0.5 mmoles. In some embodiments, the amount of 
surface modifying agent per gram of dry silica nanoparticles 
may be in arange of0.001 to 2.5 mmoles, 0.01 to 1.5 mmoles, 
0.03 to 1 moles, or 0.03 to 0.5 mmoles. 
The coating composition of this disclosure contains a 

chromonic material, surface modi?ed inorganic nanopar 
ticles, and water. A pre-coating composition may be formed 
from components including an aqueous suspension of surface 
modi?ed inorganic nanoparticles, water, a pH-adjusting com 
pound, and an optional surfactant prior to the addition of the 
chromonic material. The pre-coating composition may be 
combined and mechanically agitated in a container. The 
chromonic material may be subsequently added and dis 
solved in the pre-coating composition to form the coating 
composition. 
A pre-coating composition may comprise one or more 

pH-adjusting compounds and an optional surfactant. The 
addition of a pH-adjusting compound often allows a 
chromonic material to become more soluble in an aqueous 
dispersion. Suitable pH-adjusting compounds include any 
known base such as, for example, sodium hydroxide, potas 
sium hydroxide, lithium hydroxide, ammonium hydroxide 
(N H4OH), or various amines. The pH of the pre-coating com 
position may be at least 5, at least 6, at least 7, at least 8, or at 
least 9. In some embodiments, the pH may be up to 12, up to 
11, or up to 10. In some embodiments, the pH may be in a 
range of 5 to 12, 6 to 11, or 7 to 11. The optional surfactant 
may be added to the pre-coating composition to promote 
wetting of the coating composition on the surface of a sub 
strate. Suitable surfactants include ionic surfactants, non 
ionic surfactants, or combinations thereof. Optional additives 
such as viscosity modi?ers (e.g., polyethylene glycol) or 
binders (e.g., low molecular weight hydrolyzed starches) can 
also be added. Some of the optional additives or optional 
surfactants may be added to the pre-coating composition in an 
amount of at 0.4, at least 0.5, at least 1, or at least 3 weight 
percent of the pre-coating composition. In some embodi 
ments, the optional additives or optional surfactants may be 
added to the pre-coating composition in an amount up to 10, 
up to 7, or up to 5 weight percent of the pre-coating compo 
sition. In other embodiments, the optional additives or 
optional surfactants may be added to the pre-coating compo 
sition in a range of 0.4 to 10 weight percent, 0.5 to 10 weight 
percent, 1 to 7 weight percent, 3 to 7 weight percent, or 3 to 5 
weight percent of the pre-coating composition. One or more 
organic solvents, in some embodiments, may be added to the 
pre-coating composition. The organic solvents can be added 
to the pre-coating composition to achieve an organic solvent 
concentration of at least 0.1, at least 0.5, at least 1, at least 3, 
or at least 5 weight percent of the pre-coating composition. 
The organic solvents can be added to the pre-coating compo 
sition to achieve an organic solvent concentration up to 10, up 
to 9, up to 8, or up to 7 weight percent of the pre-coating 
composition. Organic solvents can be added to the pre-coat 
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ing composition to achieve an organic solvent concentration 
in a range of 0.1 to 10 weight percent, 0.5 to 10 weight 
percent, 1 to 8 weight percent, or 3 to 7 weight percent of the 
pre-coating composition. 
An aqueous dispersion of surface modi?ed inorganic nano 

particles can be added to the pre-coating composition prior to 
the addition of a chromonic material. The surface modi?ed 
inorganic nanoparticles of the pre-coating composition may 
have a concentration of at least 10, at least 15, or at least 17 
weight percent. The surface modi?ed inorganic nanoparticles 
of the pre-coating composition may have a concentration up 
to 30, up to 25, or up to 20 weight percent. In some embodi 
ments, the surface modi?ed inorganic nanoparticles may have 
a concentration in a range of 10 to 30 weight percent, 10 to 25 
weight percent, 15 to 25 weight percent, or 17 to 20 weight 
percent of the pre-coating composition. 

Chromonic materials can be added as a component to the 
pre-coating composition at room temperature or at a tempera 
ture less than approximately 40° C. to dissolve the chromonic 
material for forming a coating composition. The relative con 
centrations of each of the components of the coating compo 
sition may vary with the desired orientation of the resulting 
nanostructured patterns and their intended application. In 
general, however, the chromonic material may be added to the 
pre-coating composition to achieve a concentration of at least 
3, at least 4, at least 5, or at least 7 weight percent of the 
coating composition. The chromonic material may be added 
to the pre-coating composition to achieve a concentration up 
to 20, up to 15, or up to 10 weight percent of the coating 
composition. In some embodiments, the chromonic material 
may be added to the pre-coating composition to a achieve a 
concentration in a range of 3 to 20 weight percent, 4 to 20 
weight percent, 5 to 15 weight percent, 7 to 15 weight percent, 
or 4 to 10 weight percent of the coating composition. 
A coating composition may be mixed with a non 

chromonic phase including an organic water soluble mol 
ecule that forms a homogenous phase with the chromonic 
material. In some embodiments, the organic water-soluble 
molecule is a saccharide such as a monosaccharide, disaccha 
ride, trisaccharide, or polysaccharide. For example, the 
organic water soluble molecule may include polysaccharides 
such as starch, corn starch, amylopectin, maltodextrins, or 
corn syrup solids. Alternatively, the organic water soluble 
molecule can include a monosaccharide such as glucose or 

fructose, and disaccharides such as sucrose, maltose, or lac 
tose. The organic water soluble molecule can be present in 
any useful amount. The organic water soluble molecule may 
be present in the coating composition to achieve a concentra 
tion ofat least 1, at least 5, at least 10, at least 15, or at least 25 
weight percent of the coating composition. In some embodi 
ments, the organic water soluble molecule may be present in 
the coating composition to achieve a concentration up to 50, 
up to 40, up to 35, or up to 30 weight percent of the coating 
composition. The organic water soluble molecule may be 
present in the coating composition to achieve a concentration 
in a range of 1 to 50 weight percent, 1 to 40 weight percent, 5 
to 35 weight percent, or 10 to 30 weight percent of the coating 
composition. 

The coating composition can be applied to or coated onto a 
substrate surface. Suitable substrates include any solid mate 
rial that will accept the application of the coating composition 
such as ?exible polymer ?lms (e.g., poly(ethylene terephtha 
late), polyimide, polyole?ns, or cellulose acetate), rigid sub 
strates (e.g., polycarbonate, glass or silicon wafers), metallic 
?lms (e.g., aluminum or nickel foil), surface reactive ?lms, or 
combinations thereof. 
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The substrates may be treated with a primer to facilitate 

coating of the coating composition. The primer can also 
improve wetting of the substrate for receiving the coating 
composition or to improve the adhesion of the coating com 
position to the substrate. In one embodiment, inorganic layers 
may be applied or formed using techniques such as sputtering 
(e.g., cathode or planar magnetron sputtering), evaporation 
(e.g., resistive or electron beam evaporation), chemical vapor 
deposition, plating, plasma treatment (e. g., corona treatment 
or oxygen glow discharge), or combinations thereof. Suitable 
primers include, for example, an inorganic oxide coating as 
described in US. Pat. No. 5,753,373 (ScholZ et al.). Suitable 
materials as inorganic layers may further include glass or 
inorganic oxides, for example, oxides of silicon (e.g., silicon 
oxide, silicon dioxide), aluminum oxide, silicon aluminum 
oxide, or combinations thereof. Inorganic materials as primer 
layers are described in US. Patent Application Publication 
No. 2006/0063015. 

The coating composition can be applied by any useful 
means that provides for the ordered arrangement of 
chromonic materials and surface modi?ed inorganic nano 
particles within the chromonic layer. Suitable coating tech 
niques include, for example, roll coating, die coating, dip 
coating, spray coating, knife coating, or curtain coating. In 
some embodiments, shear orientation can be applied to the 
chromonic layer either during or after application to the sur 
face of the substrate. The application of shear force to the 
chromonic layer can help promote alignment of the 
chromonic materials such that, upon removal of at least a 
portion of the water, the dried chromonic layer has an oriented 
structure or matrix. The surface modi?ed inorganic nanopar 
ticles of the coating composition may also provide defects in 
the alignment of the chromonic material in the coating direc 
tion. The defect may result in the formation of channels 
extending in a substantially perpendicular direction relative 
to the coating direction. In one embodiment, the alignment of 
the chromonic materials with the surface modi?ed inorganic 
nanoparticles may be in both 1) a direction of the applied 
force during the coating process and 2) a direction substan 
tially perpendicular to the applied force during the coating 
process. 
The coating composition can be applied to a substrate at 

any useful wet coating thickness. The coating composition 
may be applied to the substrate at a uniform wet coating 
thickness of at least 1, at least 3, at least 5, or at least 10 
microns. In some embodiments, the coating composition may 
be applied to the substrate at a uniform wet coating thickness 
of up to 25, up to 20, up to 15, or up to 12 microns. Generally, 
the coating composition may be applied to the substrate at a 
uniform wet coating thickness in a range of 1 to 25 microns, 
3 to 20 microns, 5 to 20 microns, 5 to 15 microns, or 5 to 10 
microns. 

After applying the coating composition to form a 
chromonic layer on a substrate surface, at least a portion of the 
water can be removed from the chromonic layer to form a 
dried chromonic layer. That is, as used herein, the term “dried 
chromonic layer” refers to a chromonic layer that has been at 
least partially dried. Drying of the coated chromonic layer can 
be achieved using any means suitable for drying aqueous 
coatings. Useful drying methods will not damage the coating 
or signi?cantly disrupt the orientation of the coated 
chromonic layer imparted during coating or application. In 
some embodiments water is removed from the chromonic 
layer via evaporation with or without the application of heat to 
the chromonic layer to form a dried chromonic layer. At least 
5, at least 25, at least 50, or at least 75 weight percent of the 
water (based on the total weight of the coating composition) 
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may be removed from the chromonic layer to form the dried 
chromonic layer. In some embodiments, up to 95, up to 90, up 
to 85, or up to 80 weight percent of the water may be removed 
from the chromonic layer to form the dried chromonic layer. 
The weight percent of water that may be removed from the 
chromonic layer to form the dried chromonic layer may be in 
a range of 5 to 95 weight percent, 25 to 90 weight percent, 25 
to 85 weight percent, or 50 to 80 weight percent. 

After removal of water from the chromonic layer, a dried 
chromonic layer may be formed. The average thickness of the 
dried chromonic layer, in some embodiments, may be at least 
500 nanometers, at least 750 nanometers, or at least 1 micron. 
The average thickness of the dried chromonic layer may be up 
to 3 microns, up to 2 microns, or up to 1.5 microns. The dried 
chromonic layer may have an average thickness in a range of 
500 nanometers to 3 microns, 500 nanometers to 2 microns, 
750 nanometers to 2 microns, or 1 micron to 1.5 microns. 
A dried chromonic layer can be exposed to an organic 

solvent to form a channel pattern. In some embodiments, the 
organic solvent may not dissolve a chromonic material in the 
dried chromonic layer. The organic solvent may be a hydro 
philic organic solvent. The organic solvent that may be 
applied to the dried chromonic layer may include alcohols 
(e.g., ethanol, 1-propanol, 2-propanol, 1-butanol, 2-butanol, 
or tertiary butanol), ketones (e. g., acetone, methyl ethyl 
ketone, cyclopentanone, dimethyl carbonate, diethyl carbon 
ate, or cyclohexanone), or combinations thereof. Other useful 
organic solvents may include nitriles (e. g., acetonitrile), 
ethers (e. g., tetrahydrofuran, or methyl tertiary butyl ether), 
or combinations thereof. The hydrophilic organic solvent is 
often anhydrous such as, for example, an anhydrous alcohol 
(e.g., anhydrous ethanol). 
A method for coating or exposing a hydrophilic organic 

solvent on a dried chromonic layer may include techniques, 
for example, die coating, dip coating, spray coating, knife 
coating, or curtain coating. Another technique for coating the 
hydrophilic organic solvent on the dried chromonic layer may 
include simply applying the hydrophilic organic solvent, as a 
liquid, drop wise onto the dried chromonic layer. With dip 
coating, the substrate containing the dried chromonic layer 
can brie?y be held in the hydrophilic organic solvent for a 
period of time of at least 1, at least 2, at least 3, or at least 4 
seconds. The substrate containing the dried chromonic layer 
can brie?y be held in the hydrophilic organic solvent for a 
period oftime up to 10, up to 9, up to 7, or up to 5 seconds. The 
substrate containing the dried chromonic layer may be held in 
the hydrophilic organic solvent for a period of time in a range 
of1 to 10 seconds, 2 to 9 seconds, 3 to 7, or 3 to 5 seconds. The 
hydrophilic organic solvent as a coating can be applied as a 
continuous or discontinuous coating layer to the dried 
chromonic layer to form a corresponding interconnected 
channel pattern within the dried chromonic layer. A discon 
tinuous organic solvent coating may be applied in any desired 
pattern using any useful means such as, for example, inkjet 
coating or ?exographic printing. 

In some embodiments, heat may be applied to the hydro 
philic organic solvent to vaporize the organic solvent. Heat 
can be applied in any useful manner such as, for example, in 
an oven or with infrared heaters. Useful heating methods do 
not destroy the chromonic layer or warp the substrate result 
ing in a dried chromonic layer. 

Exposing the dried chromonic layer to an hydrophilic 
organic solvent can form a channel pattern. The channel 
pattern comprises a ?rst set of channels and a second set of 
channels both within the dried chromonic layer. The ?rst set 
of channels comprises a plurality of parallel or substantially 
parallel channels extending in the coating direction, and the 
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second set of channels comprises a plurality of perpendicular 
or substantially perpendicular channels to the ?rst set of chan 
nels. The ?rst set of channels and the second set of channels 
may often have an average channel width of at least 10, at 
least 50, at least 100, or at least 250 nanometers. In some 
embodiments, the ?rst set of channels and the second set of 
channels of the channel pattern can be formed having an 
average channel width up to 800, up to 700, up to 600, or up 
to 500 nanometers. The ?rst set of channels and the second set 
of channels of the channel pattern can be formed having an 
average channel width in a range of 10 to 800 nanometers, 10 
to 700 nanometers, 50 to 600 nanometers, or 100 to 500 
nanometers. In one embodiment, the average channel width 
of the ?rst set of channels may be generally similar to the 
average channel width of the second set of channels of the 
channel pattern. 

Exposing the dried chromonic layer to a hydrophilic 
organic solvent forms a channel pattern comprising a ?rst set 
of channels and a second set of channels each having an 
average channel depth equal to an average thickness of the 
dried chromonic layer. The substrate surface may be exposed 
as a base for the ?rst set of channels and the second set of 
channels. The ?rst set of channels and the second set of 
channels each may be further de?ned by a chromonic mate 
rial and surface modi?ed inorganic nanoparticles as the recess 
surfaces or sidewalls extending perpendicular or substantially 
perpendicular to the substrate surface. In some embodiments, 
the average channel depth of the ?rst set of channels and the 
second set of channels of the channel pattern may be at least 
500 nanometers, at least 750 nanometers, or at least 1 micron. 
The average depth of the channel pattern comprising the ?rst 
set of channels and the second set of channels can be up to 3 
microns, up to 2 microns, or up to 1.5 microns. The average 
channel depth of the channel pattern formed comprising the 
?rst set of channels and the second set of channels may be in 
a range of 500 nanometers to 3 microns, 500 nanometers to 2 
microns, 750 nanometers to 2 microns, or 1 micron to 1.5 
microns. In one embodiment, the average channel depth of 
the ?rst set of channels may be generally similar to the aver 
age channel depth of the second set of channels. 

Exposing the dried chromonic layer to a hydrophilic 
organic solvent forms a channel pattern comprising a ?rst set 
of channels and a second set of channels each independently 
may have an average period of at least 500 nanometers, at 
least 750 nanometers, at least 1 micron, or at least 25 microns. 
In some embodiments, the channel pattern comprising a ?rst 
set of channels and a second set of channels each indepen 
dently may have an average period up to 100 microns, up to 75 
microns, up to 50 microns, or up to 35 microns. The channel 
pattern comprising a ?rst set of channels and a second set of 
channels each independently may have an average period in a 
range of 500 nanometers to 100 microns, 500 nanometers to 
75 microns, 750 nanometers to 50 microns, 750 nanometers 
to 35 microns, or 1 micron to 35 microns. For example, a ?rst 
channel and a second channel within the ?rst set of channels 
may be separated from one another by a distance in a range of 
500 nanometers to 100 microns. In one embodiment, the 
average period for the ?rst set of channels may not be equal to 
the average period for the second set of channels within the 
dried chromonic layer. In another embodiment, the average 
period for the ?rst set of channels is less than the average 
period for the second set of channels. 

In one embodiment, a channel pattern may include a ?rst 
set of channels having an average channel depth in a range 
from 500 nanometers to 3 microns, an average channel width 
in a range from 10 to 800 nanometers, and an average period 
in a range from 500 nanometers to 1 micron, and a second set 
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of channels having an average channel depth in a range from 
500 nanometers to 3 microns, an average channel width in a 
range from 10 to 800 nanometers, and an average period in a 
range from 2 microns to 100 microns. Some channel patterns 
may comprise a ?rst set of channels and a second set of 
channels wherein each set of channels has an average channel 
depth in a range from 500 nanometers to 2 microns, an aver 
age channel width in a range of 100 to 300 nanometers, and an 
average period in a range from 750 nanometers to 2 microns. 

The channel pattern comprises channels having different 
lengths extending in a ?rst direction, a coating direction; and 
a second direction, a direction substantially perpendicular to 
the coating direction. In one embodiment, the length of the 
channels of the ?rst set of channels is greater than the length 
of the channels of the second set of channels. FIG. 1 illustrates 
a channel pattern having a ?rst set of channels and a second 
set of channels on a rigid substrate. FIG. 3 illustrates a chan 
nel pattern having a ?rst set of channels and a second set of 
channels on a ?exible substrate. 

The formation of channel patterns with chromonic mol 
ecules and surface modi?ed inorganic nanoparticles having a 
nanostructured pattern may be accomplished with a single 
coating. A single coating for forming a channel pattern of this 
disclosure may be advantageous over a process for applying 
two separate and independent coatings to form intercon 
nected channels oriented in two directions. Also, the single 
step application of a chromonic layer on a substrate surface 
provides a method especially suited for a continuous, roll-to 
roll process on a relatively large surface area providing for 
increased economic value. 

In one aspect, a deposition material can be disposed or 
deposited on a surface of the dried chromonic layer, and 
within both the ?rst set of channels and the second set of 
channels of the channel pattern within the dried chromonic 
layer. The deposition material within the ?rst set of channels 
and the second set of channels may contact and adhere to the 
substrate surface. The deposition material is a metal or metal 
containing material. The deposition material can include, for 
example, metals, metal oxides, semi-conductors, dielectric 
materials, or combinations thereof. 
A coupling agent known to react with metals or metal salts 

may be applied to a surface of the dried chromonic layer after 
the formation of the channel pattern. One example of a cou 
pling agent includes, but is not limited to, a thiol-containing 
silanol. A deposition material may be applied on to the dried 
chromonic layer after treatment with the coupling agent. 

In some embodiments, a ?rst set of channels and a second 
set of channels of a channel pattern within a dried chromonic 
layer can be cleaned before a deposition material is disposed 
within a channel pattern. The cleaning step can assist in 
improving adhesion, for example, of the deposition material 
to the substrate surface within the channel pattern. Any useful 
cleaning process can be used to clean the ?rst set of channels 
and the second set of channels within the dried chromonic 
layer, but does not destroy the chromonic layer or warp the 
substrate. Some useful cleaning processes include plasma 
treatment methods such as, for example, reactive ion etching, 
inductively coupled plasma, and the like. 

In one embodiment, a metal material can be disposed 
within the channel pattern to form a metallic channel pattern. 
The metal material within the channel pattern forming the 
metallic channel pattern may be attached to the substrate 
surface. Exemplary deposition materials include, but are not 
limited to, metals, metal alloys, metal-containing compounds 
such as organometallic compounds, salts of metals, oxides of 
metals, or combinations thereof. The deposition material may 
include a metal such as, for example, gold, silver, copper, 
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titanium, iron, or platinum. In one embodiment, the metal 
may be gold. The deposition material can include multiple 
layers of material such as multiple layers formed by sequen 
tially depositing different deposition materials. In another 
embodiment, the deposition material has multiple metal lay 
ers that can be the same or different. The deposition material 
may be a gold layer disposed on a titanium layer. 

Useful deposition techniques can be used to apply a depo 
sition material. In some embodiments, deposition materials 
such as metals can be deposited using vapor deposition tech 
niques and the like. In other embodiments, deposition mate 
rials can be applied using solution deposition techniques. For 
example, the deposition material can be combined with a 
suitable solvent that does not disturb the integrity of the dried 
chromonic layer (e.g., the solvent does not dissolve the dried 
chromic layer). The solution may be applied to the dried 
chromonic layer, and within the channel pattern comprising a 
?rst set of channels and a second set of channels within the 
dried chromonic layer. 

After a deposition material has been disposed on a sub 
strate surface within the channel pattern, and on the surface of 
a dried chromonic layer, the dried chromonic layer may be 
removed. The dried chromonic layer, which includes the 
chromonic material and surface modi?ed inorganic nanopar 
ticles, can be removed from the substrate surface with a 
solvent that includes water. The deposition material on the 
surface of the dried chromonic layer that is not within the 
channel pattern may also be removed. During this step, the 
deposition material deposited within a ?rst set of channels, 
and a second set of channels typically remains attached to the 
substrate surface. The remaining deposition material attached 
to the substrate surface may result in the formation of a 
nanostructured pattern. In one embodiment, the nanostruc 
tured pattern includes a ?rst set of nanostructures comprising 
a plurality of parallel or substantially parallel nanostructures, 
and a second set of nanostructures perpendicular or substan 
tially perpendicular to the ?rst set of nanostructures, where 
the ?rst and second set of nanostructures are interconnected. 
In some embodiments, the interconnected nanostructured 
pattern may conduct electricity. FIG. 2 and FIG. 4 illustrate a 
nano structured pattern having a ?rst set of nanostructures and 
a second set of nanostructures. 

Deposition material that remains after removing both a 
dried chromonic layer and a deposition material disposed on 
a surface of the dried chromonic layer may form a nano struc 
tured pattern. The nanostructured pattern comprises a ?rst set 
of nanostructures and a second set of nanostructures each 
independently having an average nanostructure width of at 
least 10, at least 25, at least 50, or at least 100 nanometers. In 
some embodiments, the ?rst set of nano structures and the 
second set of nanostructures each independently may have an 
average nanostructure width up to 800, up to 500, up to 250, 
or up to 150 nanometers. An average nanostructure width of 
the ?rst set of nanostructures and the second set of nanostruc 
tures each independently may be in a range of 10 to 800 
nanometers, 25 to 500 nanometers, 25 to 250 nanometers, or 
50 to 150 nanometers. 

The deposition material of the nanostructured pattern can 
have a ?rst set of nanostructures and a second set of nano 
structures forrning a nanostructured pattern each having an 
average nanostructure height of at least 10, at least 25, at least 
75, or at least 100 nanometers. In some embodiments, the 
average nanostructure height may be up to 250, up to 200, up 
to 175, or up to 1 50 nanometers. The nano structures may have 
an average height in a range of 10 to 250 nanometers, 25 to 
200 nanometers, 75 to 175, or 75 to 150 nanometers. The 
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average nano structure height may be a function of the average 
particle size of the surface modi?ed inorganic nanoparticles 
of the dried chromonic layer. 

In one embodiment, a metal as a deposition material may 
form metal nanostructures having a ?rst set of nanostructures 
with a plurality of parallel or substantially parallel metal 
nanostructures, and a second set of nanostructures having a 
plurality of perpendicular or substantially perpendicular 
metal nanostructures to the ?rst set of nanostructures. The 
nanostructures each independently may have an average 
period of at least 500 nanometers, at least 750 nanometers, at 
least 1 micron, or at least 10 microns. The average period of 
the nanostructures may be up to 100 microns, up to 50 
microns, up to 25 microns, or up to 15 microns. The average 
period of the nanostructure may be in a range of 500 nanom 
eters to 100 microns, 750 nanometers to 50 microns, 1 micron 
to 50 microns, or 10 microns to 15 microns. 

In one embodiment, the ?rst set of nanostructures has an 
average period less than the average period for the second set 
of nanostructures. 

In some embodiments, the methods described herein can 
be used to form a nanostructured pattern having a ?rst set of 
nanostructures, and a second set of nanostructures each hav 
ing an average nanostructure height in a range from 10 to 250 
nanometers, an average nanostructure width in a range from 
10 to 800 nanometers, and an average period in a range from 
500 nanometers to 20 microns. For example, the ?rst set of 
nanostructures and the second set of nanostructures can each 
have an average nanostructure height in a range of 25 to 75 
nanometers, an average nanostructure width in a range of 100 
to 300 nanometers, and an average period in a range from 2 to 
15 microns. The dimensions of the nanostructures as 
described may provide for an optically transparent substrate 
capable of conducting electricity. In some embodiments, the 
interconnected nanostructured patterns have surface conduc 
tivity. 
More speci?cally, a substrate having multiple patterns of 

nanostructures for forming a nanostructured pattern can be 
prepared in a single coating composition. A coating compo 
sition comprising chromonic material, surface modi?ed inor 
ganic nanoparticles, and water can be applied to a substrate 
surface in a coating direction. After applying the coating 
composition, a portion of the water may be removed to form 
a dried chromonic layer. The dried chromonic layer can be 
exposed to a hydrophilic organic solvent to form a channel 
pattern. The channel pattern may comprise a ?rst set of chan 
nels in the coating direction, and a second set of channels that 
are substantially perpendicular to the ?rst set of channels. The 
?rst set of channels and the second set of channels have an 
average channel depth equal to an average thickness of the 
dried chromic layer. A deposition material can then be dis 
posed on the surface of the dried chromonic layer and within 
both the ?rst set of channels and the second set of channels, 
where the deposition material of the channels contacts the 
surface substrate. Further, the dried chromonic layer and the 
deposition material disposed on the surface of the dried 
chromonic layer can be removed. The deposition material 
disposed within the ?rst set of channels and the second set of 
channels may adhere to the surface of the substrate. The 
deposition material within the ?rst set of channels and the 
second set of channels can form a nanostructured pattern. 
This method further provides for a coating process for form 
ing nanostructures on a relatively large surface area. 

In one embodiment, the nanostructured pattern comprises 
a ?rst set of nanostructures and a second set of nanostructures. 
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The second set of nanostructures is substantially perpendicu 
lar to the ?rst set of nanostructures extending in the coating 
direction. 

In one aspect, an article having a nanostructured pattern 
may be formed. The article comprises a substrate having a 
substrate surface, and a dried chromonic layer disposed on the 
substrate surface. The dried chromonic layer may comprise a 
chromonic material and surface modi?ed nanoparticles. The 
dried chromonic layer can have a channel pattern comprising 
a ?rst set of channels in the coating direction and a second set 
of channels that are substantially perpendicular to the ?rst set 
of channels. The ?rst set of channels and the second set of 
channels each have an average channel depth equal to an 
average thickness of the dried chromonic layer. 

In one embodiment, a metal layer may be disposed on a 
surface of the dried chromonic layer on the substrate surface, 
and within both the ?rst set of channels and the second set of 
channels. The metal layer may contact the substrate surface. 
In some examples of the embodiment, the ?rst set of channels 
includes a plurality of parallel or substantially parallel chan 
nels in a coating direction, and the second set of channels 
includes a plurality of perpendicular or substantially perpen 
dicular channels to the ?rst set of channels. The metal layer of 
the ?rst set of channels and the second set of channels con 
tacts the substrate surface. 
The nanostructured patterns comprise a ?rst set of nano 

structures and a second set of nanostructures substantially 
perpendicular to the ?rst set of nanostructures, where the 
nanostructures may be nanowires. The nanowires can repre 
sent attractive building blocks for assembly of functional 
nanoscale devices, and may overcome fundamental and eco 
nomic limitations of conventional lithography based fabrica 
tion. Nanowires could offer potential as building blocks for 
applications in nanoelectronics and photonics. 
The disclosure will be further clari?ed by the following 

examples which are exemplary and not intended to limit the 
scope of the disclosure. 

EXAMPLES 

The present disclosure is more particularly described in the 
following examples that are intended as illustrations only, 
since numerous modi?cations and variations within the scope 
of the present disclosure will be apparent to those skilled in 
the art. Unless otherwise noted, all parts, percentages, and 
ratios reported in the following examples are on a weight 
basis, and all reagents used in the examples were obtained, or 
are available, from the chemical suppliers describedbelow, or 
may be synthesized by conventional techniques. 

Preparatory Example 1 

Surface modi?ed inorganic nanoparticles were formed 
from the reaction of a silane with silica nanoparticles having 
an average diameter of 21 nanometers (nm). More speci? 
cally, 300 grams of Nalco 2327 colloidal silica from Nalco 
Chemical Company of Naperville, 111., was placed in a bottle 
with a stirbar. While stirring, 28 grams of a 25 weight percent 
carboxyethyl silane triol sodium salt aqueous solution (Gelest 
Inc. of Morrisville, Pa.) were added to the colloidal silica over 
a period of 10 minutes. A small amount of precipitate formed 
upon the addition of the carboxyethyl silane triol sodium salt, 
but the precipitate dissolved with additional stirring. The 
clear dispersion was thenplaced in a 95° C. oven for 20 hours. 
The percent solids of the surface modi?ed colloidal silica in 
water was determined to be 40 weight percent, based on 
weight loss after drying. The dispersion prior to drying was 
used in subsequent examples. 
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Preparatory Example 2 

Surface modi?ed inorganic nanoparticles were formed 
from the reaction of a silane with silica nanoparticles having 
an average diameter of 142 nanometers (nm). More speci? 
cally, 330 grams of Nalco TX13112 colloidal silica (lot 
#XC5H0836A1) from Nalco Chemical Company of Naper 
ville, 111., were placed in a bottle with a stir bar. The average 
diameter of the nanoparticles was measured by the manufac 
turer using a titration method. While stirring, 4.2 grams of a 
25 weight percent carboxyethyl silane triol sodium salt aque 
ous solution (Gelest Inc. of Morrisville, Pa.) were added to 
the colloidal silica over a period of 10 minutes. A small 
amount of precipitate formed upon the addition of the car 
boxyethyl silane triol sodium salt, but the precipitate dis 
solved with additional stirring. The clear dispersion was then 
placed in a 95° C. oven for 20 hours. The percent solids of the 
surface modi?ed colloidal silica in water was determined to 
be 37 weight percent, based on weight loss after drying. The 
dispersion prior to drying was used in subsequent examples. 

Preparatory Example 3 

Surface modi?ed inorganic nanoparticles were formed 
from the reaction of a silane with silica nanoparticles having 
an average diameter of 21 nanometers (nm). More speci? 
cally, 300 grams of Nalco 2327 colloidal silica from Nalco 
Chemical Company of Naperville, 111., were placed in a bottle 
with a stir bar. While stirring, 39.4 grams of a 25 weight 
percent carboxyethyl silane triol sodium salt aqueous solu 
tion (Gelest Inc. of Morrisville, Pa.) were added to the col 
loidal silica over a period of 10 minutes. A small amount of 
precipitate formed upon the addition of the carboxyethyl 
silane triol sodium salt, but the precipitate dissolved with 
additional stirring. The clear dispersion was then placed in a 
95° C. oven for 20 hours. The percent solids of the surface 
modi?ed colloidal silica in water was determined to be 40 
weight percent, based on weight loss after drying. The dis 
persion prior to drying was used in subsequent examples. 

Preparatory Example 4 

Surface modi?ed inorganic nanoparticles were formed 
from the reaction of two silanes having different functional 
ities with silica nanoparticles having an average diameter of 
21 nanometers to provide surface modi?ed silica nanopar 
ticles having dual functionality. More speci?cally, 50 grams 
of Nalco 2327 colloidal silica (lot BP6H0778A0 from Nalco 
Chemical Company of Naperville, 111., were placed in a bottle 
with a stir bar. While stirring, 6.85 grams of a 25 weight 
percent carboxyethyl silane triol sodium salt aqueous solu 
tion (Gelest Inc. of Morrisville, Pa.) were added to the col 
loidal silica over a period of 5 to 10 minutes. A small amount 
of precipitate formed upon the addition of the carboxyethyl 
silane triol sodium salt, but the precipitate dissolved with 
additional stirring. Trimethoxypropylsilane, 0.36 grams (lot 
90011885) from Alfa Aesar of St. Louis, Mo. were added to 
the carboxyethyl silane modi?ed inorganic nanoparticle dis 
persion, and the mixture was stirred for approximately 5 
minutes. The clear dispersion was placed in a 90° C. oven for 
16 hours. The percent solids of the surface modi?ed colloidal 
silica in water was determined to be 39.5 weight percent, 
based on weight loss after drying. The dispersion prior to 
drying was used in subsequent examples. 

Example 1 

A mixture comprising 0.26 grams of ICB 3000 corn starch 
from Tate & Lyle PLC of Decatur, 111., 3.00 grams of deion 
ized water, 0.13 grams of a 30 weight percent aqueous ammo 
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nium hydroxide solution from EMD Chemicals Inc. of Gibb 
stown, N.J., and 1.0 gram of the surface modi?ed colloidal 
silica dispersion of Preparatory Example 1 were added to a 
container with mechanical stirring. After the corn starch was 
dissolved in the mixture, 0.50 grams of the chromonic mate 
rial of Formula III, 4-dimethylamino-1-[4,6-di(4-carbox 
yphenylamino)-1,3,5-triaZin-2-yl]pyridinium chloride, pre 
pared as described Example 1 of US. Pat. No. 6,488,866, 
were slowly 

III 
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N N N 

T Y 
HO NYN OH 

O N+ Cl' 0 

added to the mixture with stirring. Upon dissolution of the 
chromonic material, 0.1 1 grams of a 10 weight percent aque 
ous solution of an alkyl polyglucoside surfactant (Glucopon 
425N) from Cognis Corporation of Cincinnati, Ohio, was 
added to the mixture with stirring. The resulting mixture was 
taken up by a disposable syringe ?tted with a 1.2 micron 
disposable syringe ?lter having a 25 millimeter (mm) diam 
eter (Versapore Membrane #4488, hydrophilic acrylic 
copolymer on a nonwoven support) from Pall Corporation of 
East Hills, N.Y., and ?ltered to form a coating composition. 
The coating composition was coated onto a glass slide 

(Glayerbel Float) from Precision Glass and Optics of Santa 
Ana, Calif., using a Bird Bar applicator (Part #AR-5518) 
from Byk-Gardner of Columbia, Md., that had a 12.5 
micrometer gap for forming a chromonic layer. The 
chromonic layer was allowed to air dry at room temperature 
(approximately 25° C.) for at least 5 minutes forming a dried 
chromonic layer. 
The dried chromonic layer on the slide was exposed by 

submersing the slide in a narrow, glass chamber having 
dimensions of 0.7 centimeter (cm)><7.0 cm><7.7 cm. The glass 
chamber was ?lled with absolute ethanol (200-proof) from 
Aaper Alcohol & Chemical Co. of Shelbyville, Ky., for 
approximately 5 seconds to induce the formation of a channel 
pattern. The glass slide was then removed from the glass 
chamber and shaken to remove residual ethanol. The sample 
was then placed in an oven set at 1 10° C. for approximately 15 
seconds. The sample was then removed from the oven to 
remove any remaining visible ethanol, and again placed back 
in the oven set at approximately 110° C. for an additional 15 
seconds. 

An optical micrograph of FIG. 1 (500x magni?cation) 
shows a channel pattern on a slide comprising a ?rst set of 
channels and a second set of channels within the dried 
chromonic layer on a glass slide. FIG. 1 shows that under the 
described conditions, the channel pattern comprises a ?rst set 
of channels substantially aligned in the coating direction, and 
a second set of channels that are substantially perpendicular 
to the ?rst set of channels. The ?rst set of channels comprises 
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a plurality of parallel or substantially parallel channels, where 
the length of the ?rst set of channels is greater than a length of 
the second set of channels. 

The channel pattern of the dried chromonic layer on a slide 
was subsequently dry-etched using a YES G1000 Plasma 
Cleaning System froineld Engineering Systems Inc. of San 
Jose, Calif. The electrode con?guration used was the “RIE 
Mode Arrangement” as found in “YES Plasma Cleaning Sys 
tem Manual 610-5237-01,” p. 3/12. The slide was placed on 
the fourth from the top electrode (active). An O2 etch plasma 
(charged via radio frequency (RF)) was used for 2 minutes. 
The sample was then placed in a metallization frame face 
down and held in place with a piece of aluminum foil tape 
(3M #425, 3M Company, St. Paul Minn. The dried chromonic 
layer on the slide and the frame were placed in a high-vacuum 
metallization chamber. Once the chamber reached the appro 
priate vacuum pressure, 5 nm of titanium was deposited on 
the surface of the dried chromonic layer, and within both the 
?rst set of channels and the second set of channels contacting 
the substrate (slide) surface via electron-beam induced metal 
thermal evaporation. Next, 100 nm of gold was deposited on 
the titanium layer via electron-beam induced metal thermal 
evaporation to form a bilayer metallic composition. 

The slide comprising the metallized sample was next sub 
merged in approximately 300 milliliters (ml) of de-ionized 
water with several drops of ammonium hydroxide (30 percent 
w/w) for approximately 2 hours to remove the chromonic 
material and the surface modi?ed inorganic nanoparticles. 
The sample was then rinsed with de-ionized water to remove 
metal not attached to the glass substrate, and further disposed 
on the surface of the dried chromonic layer. Areas with exces 
sive patches of disposed metal were given a secondary vig 
orous rinse for several seconds. A nanostructured pattern was 
formed leaving the disposed metal within the ?rst set of 
channels and the second set of channels, which adhered to the 
substrate. The two-dimensional nanostructured pattern or 
nanogrid comprises metal wires on the glass slide. 
An optical micrograph of FIG. 2 (500>< magni?cation) 

shows a nanostructured pattern of a metal as a deposition 
material on a glass slide comprising a ?rst set of nanostruc 
tures aligned in a coating direction, and a second set ofnano 
structures substantially perpendicular to the ?rst set of nano 
structures. The ?rst set of nanostructures comprises a 
plurality of parallel or substantially parallel nanostructures, 
where the length of the ?rst nano structures are greater than a 
length of the second set of nanostructures. 
An optical micrograph of FIG. 2 shows an interconnected 

grid of metal wires or nanostructures. Conductivity tests were 
performed on the metallized sample using a Delcom 717 
non-contact eddy current conductance monitor from Delcom 
Instruments, Inc. of Prescott, Wis. The metallized sample had 
a measurement of 24.82 mS (milli-Siemens), thus yielding a 
surface resistance of 40.3 Q/square (ohm/square). 

Visible light transmission was measured on a Hewlett 
Packard 8452A Spectrophotometer from Agilent Technolo 
gies of Santa Clara, Calif., and found to be 90% of the ?oat 
glass substrate. 

Example 2 

A mixture comprising 0.52 grams of corn starch (ICB 
3000) from Tate & Lyle PLC of Decatur, 111., 6.00 grams of 
deionized water, 0.26 grams of a 30 weight percent aqueous 
ammonium hydroxide solution from EMD Chemicals Inc. of 
Gibbstown, N.J., and 2.0 grams of the surface modi?ed col 
loidal silica dispersion of Preparatory Example 1 were added 
to a container with mechanical stirring. After the corn starch 
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was dissolved in the mixture, 0.50 grams of the chromonic 
material of Formula III, 4-dimethylamino-1-[4,6-di(4-car 
boxyphenylamino)-1,3,5-triaZin-2-yl]pyridinium chloride, 
was slowly added to the mixture with stirring. Upon dissolu 
tion of the chromonic material, 0.11 grams of a 10 weight 
percent aqueous solution of an alkyl polyglucoside surfactant 
(Glucopon 425N) from Cognis Corporation of Cincinnati, 
Ohio was added to the mixture with stirring. The resulting 
mixture was taken up by a disposable syringe ?tted with a 1.2 
micron disposable syringe ?lter having a 25 mm diameter 
(Versapore Membrane #4488; hydrophilic acrylic copolymer 
on a nonwoven support) from Pall Corporation of East Hills, 
N.Y., and ?ltered to form a coating composition. 
The coating composition was coated on a poly(ethylene 

terephthalate) (PET) ?lm from DuPont Teijin Films U.S. 
Limited Partnership of Hopewell, Va., having a thickness of 
about 0.125 mm. The PET ?lm was coated with a continuous, 
sputter-coated, silicon-aluminum-oxide (SiAle) layer hav 
ing a thickness of 5 nm. The SiAle layer was DC sputtered 
from a 95 weight % Si/ 5 weight %Al sputtering target. Argon 
was added as the primary sputtering gas at 600 standard cubic 
centimeters per minute (sccm) to generate a pressure of 6.4 
milliTorr (mTorr). Oxygen ?ow was added and actively con 
trolled to maintain a constant target voltage of 600 volts (V), 
such that the oxygen ?ow was approximately 15 sccm. The 
sputter power was 2.1 kilowatts (kW) applied to a 12.7 
cm><38.1 cm target. The PET ?lm was moving at 5.49 meters/ 
minute. The coating composition was applied to the ?lm 
using a #25 wire wound drawdown bar from UV Process 
Supply of Chicago, Ill. as a chromonic layer. The chromonic 
layer was allowed to air dry at about 25° C. for approximately 
15 minutes. 
The dried chromonic layer on the ?lm was exposed by 

submersing the ?lm in a narrow, glass chamber having dimen 
sions of 0.7 cm><7.0 cm><7.7 cm. The glass chamber was ?lled 
with absolute ethanol (200 proof) from Aaper Alcohol & 
Chemical Co of Shelbyville, Ky., for approximately 5 sec 
onds to induce the formation of a channel pattern. The PET 
?lm samples were removed from the glass chamber and 
shaken to remove residual ethanol. The ?lm was then placed 
in an preheated oven set at 100° C. for approximately 15 
seconds to remove excess ethanol. 

An optical micrograph of FIG. 3 (500>< magni?cation) 
shows a channel pattern on the PET ?lm comprising a ?rst set 
of channels and a second set of channels within the dried 
chromonic layer on a ?exible substrate. FIG. 3 shows that 
under the given conditions, the channel pattern comprises a 
?rst set of channels substantially aligned in the coating direc 
tion, and a second set of channels that are substantially per 
pendicular to the ?rst set of channels. 
The ?rst set of channels comprises a plurality of parallel or 

substantially parallel channels, where the length of the ?rst 
set of channels is greater than a length of the second set of 
channels. 

The channel pattern of the dried chromonic layer on a 
?exible substrate (PET) was subsequently dry-etched, metal 
lized and washed as described in Example 1. 

An optical micrograph of FIG. 4 (500>< magni?cation) 
shows a nanostructured pattern of a metal as a deposition 
material on a PET ?lm comprising a ?rst set of nanostructures 
aligned in a coating direction, and a second set of nanostruc 
tures substantially perpendicular to the ?rst set of nanostruc 
tures. The ?rst set of nanostructures comprises a plurality of 
parallel or substantially parallel nanostructures, where the 
length of the ?rst nanostructures are greater than a length of 
the second set of nanostructures. 
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FIG. 4 shows an interconnected grid of metal wires or 
nanostructures. Surface resistance measurements were per 
formed using a Delcom 717 non-contact eddy current con 
ductance monitor from Delcom Instruments Inc. of Prescott 
Wis. on the metallized samples. 

Region 1 and Region 2 of Example 2 were measured with 
the results shown in Table I. 

TABLE I 

Sample Surface Resistance (SQ/square) 

SiAle — coated PET ?lm >50,000 
without coating 
Example 2 (region 1) 555 
Example 2 (region 2) 210 

Table I shows that the development of a metallic grid 
(nanostructured pattern) on the electrically non-conductive 
SiAle-PET produced an electrically conductive substrate. 

Optical transmission measurements were made on a 
Hewlett-Packard 8452A Spectrophotometer from Agilent 
Technologies of Santa Clara, Calif. The optical transmission 
measurements showed the presence of the nanostructured 
pattern resulted in a drop in transmissivity of approximately 
13%, when compared to the original substrate (SiAle 
coated PET ?lm). 

Example 3 

A mixture comprising 0.26 grams of ICB 3000 corn starch 
from Tate & Lyle PLC of Decatur, 111., 3.00 grams of deion 
ized water, 0.14 grams of a 30 weight percent aqueous ammo 
nium hydroxide solution from EMD Chemicals Inc. of Gibb 
stown, N.J.), and 1.0 gram of the dual functional surface 
modi?ed colloidal silica dispersion of Preparatory Example 4 
were added to a container with mechanical stirring. After the 
corn starch was dissolved in the mixture, 0.50 grams of the 
chromonic material of Formula III, 4-Dimethylamino-1-[4, 
6-di(4 -carboxyphenylamino)-1 ,3 ,5 -triaZin-2-yl]pyridinium 
chloride), were slowly added to the mixture with stirring. 
Upon dissolution of the chromonic material, 0.13 grams of a 
10 weight percent aqueous solution of an alkyl polyglucoside 
surfactant (Glucopon 425N) from Cognis Corporation of 
Cincinnati, Ohio, was added to the mixture with stirring. The 
resulting mixture was taken up by a disposable syringe ?tted 
with a 1.2 micron disposable syringe ?lter having a 25 mm 
diameter (Versapore Membrane #4488, hydrophilic acrylic 
copolymer on a nonwoven support) from Pall Corporation of 
East Hills, N.Y., and ?ltered to form a coating composition. 

The coating composition was coated onto a glass slide 
(Glayerbel Float) from Precision Glass and Optics of Santa 
Ana, Calif. using a Bird Bar applicator (Part #AR-5518) from 
Byk-Gardner of Columbia, Md., that had a 12.5 micrometer 
gap for forming a chromonic layer. The chromonic layer was 
allowed to air dry at room temperature (approximately 25° 
C.) for at least 5 minutes forming a dried chromonic layer. 

The dried chromonic layer on the slide was exposed by 
submersing the slide in a narrow, glass chamber having 
dimensions of 0.7 cm><7.0 cm><7.7 cm. The glass chamber 
was ?lled with absolute ethanol (200-proof) from Aaper 
Alcohol & Chemical Co. of Shelbyville, Ky., for approxi 
mately 5 seconds to induce the formation of a channel pattern. 
The glass slide was then removed from the glass chamber and 
shaken to any remove residual ethanol. The sample was then 
placed in an oven set at 1 10° C. for approximately 15 seconds. 

Analysis by optical microscopy showed the dried 
chromonic layer contained a channel pattern on the slide 
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26 
comprising a ?rst set of channels and a second set of channels. 
Under the given conditions, the channel pattern comprises a 
?rst set of channels substantially aligned in the coating direc 
tion, and a second set of channels that are substantially per 
pendicular to the ?rst set of channels. The ?rst set of channels 
comprises a plurality of parallel or substantially parallel 
channels, where the length of the ?rst set of channels is 
greater than a length of the second set of channels. Under the 
described conditions, the average length of the ?rst set of 
channels before intersecting one of the second set of channels 
was approximately 45 microns; whereas, the second set of 
channels had a length of approximately 8 microns. 

Various modi?cations and alterations of this disclosure 
will be apparent to those skilled in the art without departing 
from the scope and spirit of this disclosure, and it should be 
understood that this disclosure is not limited to the illustrative 
elements set forth herein. 

What is claimed is: 
1. A method comprising: 
applying a coating composition to a substrate surface in a 

coating direction to form a chromonic layer, the coating 
composition comprising a chromonic material, surface 
modi?ed inorganic nanoparticles, and water; 

removing at least a portion of the water from the chromonic 
layer to form a dried chromonic layer; and 

exposing the dried chromonic layer to an hydrophilic 
organic solvent forming a channel pattern within the 
dried chromonic layer, the channel pattern comprising 
(a) a ?rst set of channels in the coating direction and (b) 
a second set of channels that are substantially perpen 
dicular to the ?rst set of channels, wherein the ?rst set of 
channels and the second set of channels have an average 
channel depth equal to an average thickness of the dried 
chromonic layer. 

2. The method of claim 1, wherein the substrate comprises 
a ?exible polymer ?lm. 

3. The method of claim 2, wherein the substrate surface 
further comprises a silicon aluminum oxide layer. 

4. The method of claim 1, wherein the coating composition 
is a suspension of the surface modi?ed inorganic nanopar 
ticles in a homogeneous phase comprising the chromonic 
material, and water. 

5. The method of claim 1, wherein a concentration of the 
surface modi?ed inorganic nanoparticles in the coating com 
position is in a range of 10 to 30 weight percent based on a 
total weight of the coating composition. 

6. The method of claim 1, wherein a pH of the coating 
composition is in a range of 5 to 12. 

7. The method of claim 1, wherein the surface modi?ed 
inorganic nanoparticles comprise silica, titania, Zirconia, or 
combinations thereof. 

8. The method of claim 1, wherein the surface modi?ed 
inorganic nanoparticles are the reaction product of silica 
nanoparticles and an organosilane, where the organosilane is 
of the formula: 

R4 — Y — Si — E 

R1 

wherein 
R1, R2, and R3 independently comprise hydroxyl, alkoxy, 

halide, or combinations thereof; 
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Y comprises alkylene, arylene, oxyalkylene, or combina 
tions thereof; and 

R4 comprises carboxyl, halogen, alkoxy, iOPO3H2, 
iPO3H2, thiol, amino, anhydride, a salt, or combina 
tions thereof. 

9. The method of claim 8, Wherein the organosilane is 
carboxyethyl silane triol sodium salt. 

10. The method of claim 8, further comprising a second 
organosilane. 

11. The method of claim 1, Wherein the water removed 
from the coating composition is in a range of 5 to 95 weight 
percent based on a total weight of the coating composition. 

12. The method of claim 1, Wherein the dried chromonic 
layer has a thickness in a range of 500 nanometers to 3 
microns. 

13. The method of claim 1, Wherein the hydrophilic organic 
solvent comprises an alcohol, a ketone, a nitrile, an ether, or 
combinations thereof. 

14. The method of claim 1, Wherein the hydrophilic organic 
solvent is anhydrous. 

15. The method of claim 1, Wherein the hydrophilic organic 
solvent does not dissolve the chromonic material. 

16. The method of claim 1, Wherein the ?rst set of channels 
and the second set of channels independently have an average 
channel Width in a range of 10 to 800 nanometers. 

17. The method of claim 1, Wherein the ?rst set of channel 
and the second set of channels independently have an average 
channel depth in a range of 500 nanometers to 3 microns, an 
average channel Width in a range of 1 0 to 800 nanometers, and 
an average period in a range of 500 nanometers to 1 micron. 

18. The method of claim 1, Wherein the ?rst set of channels 
comprises a plurality of parallel or substantially parallel 
channels in the coating direction. 

19. The method of claim 1, Wherein a length of the ?rst set 
of channels in a coating direction is greater than a length of 
the second set of channels substantially perpendicular to the 
?rst set of channels. 

20. A method comprising: 
applying a coating composition to a substrate surface in a 

coating direction to form a chromonic layer, the coating 
composition comprising chromonic material, surface 
modi?ed inorganic nanoparticles, and water; 

removing at least a portion of the water from the chromonic 
layer to form a dried chromonic layer; 

exposing the dried chromonic layer to an hydrophilic 
organic solvent forming a channel pattern Within the 
dried chromonic layer, the channel pattern comprising 
(a) a ?rst set of channels in the coating direction and (b) 
a second set of channels that are substantially perpen 
dicular to the ?rst set of channels, Wherein the ?rst set of 
channels and the second set of channels have an average 
channel depth equal to an average thickness of the dried 
chromonic layer; 

disposing a metal containing material on a surface of the 
dried chromonic layer, and Within both the ?rst set of 
channels and the second set of channels, the metal con 
taining material Within the ?rst set of channels and the 
second set of channels contacting the substrate surface; 
and 

forming a nanostructured pattern on the substrate, the 
forming comprising removing both the dried chromonic 
layer and the metal containing material disposed on the 
surface of the dried chromonic layer, Wherein the metal 
containing material disposed Within the ?rst set of chan 
nels and the second set of channels adheres to the sub 
strate. 
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21. The method of claim 20, Wherein the nanostructured 

pattern comprises (a) a ?rst set of nanostructures and (b) a 
second set of nanostructures substantially perpendicular to 
the ?rst set of nanostructures. 
22.An article formed by the method of claim 1, Wherein the 

chromonic material is of the formula: 

R2 R3 R2 

R2 R2 )\ R2 R2 
N / |N 

x )\ 
HOOC N N N COOH 

H H 

R2 R2 

Wherein 
R2 comprises hydrogen, a substituted or an unsubstituted 

alkyl, a substituted or an unsubstituted alkoxy, a substi 
tuted or an unsubstituted carboxyl alkyl, or combina 
tions thereof; and 

R3 comprises a substituted or an unsubstituted heteroaro 
matic ring, a substituted or an unsubstituted heterocyclic 
ring, or combinations thereof. 

23 . An article formed by the method of claim 1, Wherein the 
chromonic material is of the formula: 

R2 R3 R2 

HOOC R2 )\ R2 COOH 
N / IN 
A A 

R2 N N N R2 
H H 

R2 R2 

Wherein 
R2 comprises hydrogen, a substituted or an unsubstituted 

alkyl, a substituted or an unsubstituted alkoxy, a substi 
tuted or an unsubstituted carboxyl alkyl, or combina 
tions thereof; and 

R3 comprises a substituted or an unsubstituted heteroaro 
matic ring, a substituted or an unsubstituted heterocyclic 
ring, or combinations thereof. 

24. An article comprising: 
a substrate having a substrate surface; and 
a dried chromonic layer disposed on the substrate surface, 

the dried chromonic layer comprising a chromonic 
material, and surface modi?ed inorganic nanoparticles, 
the dried chromonic layer having a channel pattern com 
prising 
a ?rst set of channels; and 
a second set of channels that is substantially perpendicu 

lar to the ?rst set of channels, Wherein the ?rst set of 
channels and the second set of channels have an aver 
age channel depth equal to an average thickness of the 
dried chromonic layer. 

25. The article of claim 24, further comprising a metal 
containing material disposed on a surface of the dried 
chromonic layer, and Within both the ?rst set of channels and 
the second set of channels, Wherein the metal containing 
material Within both the ?rst set of channels and the second 
set of channels contacts the substrate surface. 

* * * * * 
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